Abstract: Multiple-phenyl phosphorous compounds are a group of chemical materials that have been used as reactants, pharmaceutical intermediates, extractants, and catalysts in organic synthetic reactions. However, the crystal growth of bulk crystals of multiple-phenyl phosphorous compounds, which may expand their applications in photonics technology, have been largely overlooked. In this article, the crystal growth of tetraphenylphosphonium bromide (TPPB) has been studied in organic solvents and water. The crystal structures and crystallization features are analyzed by X-ray diffraction data. By a slow temperature-lowering method, a single-crystal of TPPB (2H 2 O) with the size of 27 × 20 × 20 mm 3 has been obtained in water. The basic thermal and optical properties were characterized. We find that the TPPB (2H 2 O) crystal shows excellent transparent property in the near-IR region. Large Raman shifts and strong Raman scattering intensity indicate that TPPB is a potential candidate in Raman-scattering-based nonlinearity applications.
Introduction
Multiple-phenyl phosphorus-centered compounds such as triphenylphosphine oxide (TPPO) [1] , triphenylphosphine sulfide (TPPS) [2] , and phosphonium salts [3] are a class of tetrahedral-shaped molecules based on the sp 3 hybridization of a phosphorous atom [4] . They have generated great interest because of their important applications in organic chemical fields. Over the years, multiple-phenyl phosphorus-centered compounds have been widely studied and utilized as active reactants [5] [6] [7] , pharmaceutical intermediates [8] , extractants [9] , and catalysts [10] [11] [12] [13] in organic syntheses. However, crystal growth of bulk multiple-phenyl phosphorus-centered crystals, which may expand the applications of this group of materials in photonics technology, has been overlooked.
As we know, most organic molecules possess a flexible backbone or a long branched chain, which generally exhibit poor crystallization habits. This is the very reason for why organic functional single-crystal materials are, at present, far less than inorganic candidates in practical use. However, multiple-phenyl phosphorus-centered compounds are characterized by rigid molecular structures in small-size and high symmetry, which have the possibility to grow into large-size crystal materials. Among such multiple-phenyl phosphorus-centered compounds, TPPO itself can not only form high quality crystals easily, but also can transform organic compounds bearing poor crystallization habits into useful large blocky crystals [14] . Moreover, TPPS can also act as a template to induce the crystallization of inorganic or organic compounds [7] .
In this article, crystal growth of tetraphenylphosphonium bromide (TPPB) is studied in two different solvent systems of organic solvents and water. Compared to neutral compounds, multiple-phenyl phosphorus-centered salts have even better crystallization features due to the phenyl phosphorus-centered salts have even better crystallization features due to the Coulomb interaction between the tetraphenylphosphonium cation and anion. Large-size bulk single-crystals of TPPB were obtained in water by a temperature-lowering growth method in this work. The crystal structure was analyzed by X-ray diffraction. The thermal and optical properties were characterized. Raman scattering experiments show that single-crystal of TPPB is a potential functional material for Raman-scattering based nonlinearity applications such as Raman laser.
Results and Discussion

Crystal Growth
TPPB is an ionic organic compound which possesses excellent solubility not only in polar organic solvent, but also in water. In the experiment, we found that TPPB can grow into a large-size single-crystal in 3:2 mixture solvents of dichloromethane and n-hexane by spontaneous nucleation growth. However, the crystal became efflorescence rapidly under ambient conditions, although it exhibited high quality in the parent solution (Figure 1a) . Spontaneous nucleation and growth of TPPB in ethanol and water were also studied. By slow evaporation of ethanol saturated solution, TPPB can crystallize into bulk transparent crystal. A small size TPPB single-crystal can also be obtained in saturated water solution by slow controlled cooling growth over a long period of time ( Figure 1b) . The solubility and crystallization curve of TPPB in water were measured before the growth of a large-size TPPB crystal. The results are shown in Figure 2a . The triangles are the experimental data which were determined by the relationship of the temperature and turbidity using an automated crystallization screening system (see Materials and Methods). The solid lines are the fitting curves based on the measured data. The blue line is the solubility curve and the orange line is the crystallization curve. The metastable zone is between the solubility and crystallization curves. The average width of the metastable zone is about 5 °C. As shown in Figure 2a , the solubility of TPPB exhibits a rapid increase with the increased temperature. Accordingly, a temperature-lowering method was adopted for the growth of TPPB in water. The experiment adopted the top-seeded growth method. A high-quality seed was used. The temperature-controlling programme was set from 50 °C to 38 °C with the cooling speed of 0.24 °C/24 h. Figure 2b shows the single-crystal of TPPB obtained with a size of 27 mm × 20 mm × 20 mm. The crystal is transparent with a little inclusion. The transparent parts exhibit high optical quality. According to the comparison of TPPB crystals with other multiple-phenyl phosphorous crystals such as TPPS and coordination compounds of TPPO grown in our former work [15] (see also Supporting Information), TPPB is the best candidate possessing excellent crystal growth habits of large-size, high quality and easy growth. The solubility and crystallization curve of TPPB in water were measured before the growth of a large-size TPPB crystal. The results are shown in Figure 2a . The triangles are the experimental data which were determined by the relationship of the temperature and turbidity using an automated crystallization screening system (see Materials and Methods). The solid lines are the fitting curves based on the measured data. The blue line is the solubility curve and the orange line is the crystallization curve. The metastable zone is between the solubility and crystallization curves. The average width of the metastable zone is about 5 • C. As shown in Figure 2a , the solubility of TPPB exhibits a rapid increase with the increased temperature. Accordingly, a temperature-lowering method was adopted for the growth of TPPB in water. The experiment adopted the top-seeded growth method. A high-quality seed was used. The temperature-controlling programme was set from 50 • C to 38 • C with the cooling speed of 0.24 • C/24 h. Figure 2b shows the single-crystal of TPPB obtained with a size of 27 mm × 20 mm × 20 mm. The crystal is transparent with a little inclusion. The transparent parts exhibit high optical quality. According to the comparison of TPPB crystals with other multiple-phenyl phosphorous crystals such as TPPS and coordination compounds of TPPO grown in our former work [15] (see also Supporting Information), TPPB is the best candidate possessing excellent crystal growth habits of large-size, high quality and easy growth. 
X-ray Structural Analysis
The single-crystal structures of TPPB crystallized in the abovementioned different growth systems were analyzed by X-ray diffraction. The results showed that TPPB forms a dichloromethane solvated phase TPPB (CH2Cl2) in mixed solvents of dichloromethane and n-hexane. The crystal structure belongs to the monoclinic system and the P21/n space group with a = 10.3525(14) Å, b = 16.925(2) Å, c = 13.4858(17) Å, α = γ = 90°, β = 95.727(2)°. The structure is as same as a previously reported dichloromethane-solvated TPPB crystal [16] . TPPB in water or ethanol forms the same dihydrate crystal TPPB (2H2O), which is an orthorgonal system and Pnma space group with a = 16.2842(10) Å, b = 10.8087(10) Å, c = 12.6638(12) Å and α = β = γ = 90°, as previously reported [17] . The X-ray crystal structure data obtained in this work are summarized in the Supporting Information materials.
The short interaction of the solvent molecules with parent molecules in crystals of TPPB (CH2Cl2) and TPPB (2H2O) were analyzed in order to explore the exact reason for the stability of the solvated TPPB crystals. The results are shown in Figure 3a ,b and Table 1 . Figure 3a shows that there are only two types of short contacts related to the solvent molecule in the TPPB (CH2Cl2) crystal. Dichloromethane interacts weakly with the phenyl ring of TPPB by Br1…H25B and C6…Cl2. By contrast, six types of short interactions exist in between TPPB and water molecules. Among them, oxygen in two water molecules forms four O…H short distance interactions to the surrounding carbon atom of TPPB molecules. In addition, hydrogen atoms of two water molecules have short contacts with Br ions, respectively. As shown in Table 1 , the Br...H interaction in TPPB (CH2Cl2) is weaker than that in TPPB (2H2O) due to the longer contact distance. Therefore, the weak intermolecular interaction of the dichloromethane molecule with the parent TPPB molecule is the very reason for the rapid efflorescence of TPPB (CH2Cl2). By contrast, TPPB (2H2O) can keep stable under the same ambient conditions. 
The single-crystal structures of TPPB crystallized in the abovementioned different growth systems were analyzed by X-ray diffraction. The results showed that TPPB forms a dichloromethane solvated phase TPPB (CH 2 Cl 2 ) in mixed solvents of dichloromethane and n-hexane. The crystal structure belongs to the monoclinic system and the P2 1 /n space group with a = 10.3525 (14) (2) • . The structure is as same as a previously reported dichloromethane-solvated TPPB crystal [16] . TPPB in water or ethanol forms the same dihydrate crystal TPPB (2H 2 O), which is an orthorgonal system and Pnma space group with a = 16.2842(10) Å, b = 10.8087(10) Å, c = 12.6638(12) Å and α = β = γ = 90 • , as previously reported [17] . The X-ray crystal structure data obtained in this work are summarized in the Supporting Information materials.
The short interaction of the solvent molecules with parent molecules in crystals of TPPB (CH 2 Cl 2 ) and TPPB (2H 2 O) were analyzed in order to explore the exact reason for the stability of the solvated TPPB crystals. The results are shown in Figure 3a ,b and Table 1 . Figure 3a shows that there are only two types of short contacts related to the solvent molecule in the TPPB (CH 2 Cl 2 ) crystal. Dichloromethane interacts weakly with the phenyl ring of TPPB by Br1 . . . H25B and C6 . . . Cl2. By contrast, six types of short interactions exist in between TPPB and water molecules. Among them, oxygen in two water molecules forms four O . . . H short distance interactions to the surrounding carbon atom of TPPB molecules. In addition, hydrogen atoms of two water molecules have short contacts with Br ions, respectively. As shown in Table 1 , the Br...H interaction in TPPB (CH 2 Cl 2 ) is weaker than that in TPPB (2H 2 O) due to the longer contact distance. Therefore, the weak intermolecular interaction of the dichloromethane molecule with the parent TPPB molecule is the very reason for the rapid efflorescence of TPPB (CH 2 Cl 2 ). By contrast, TPPB (2H 2 O) can keep stable under the same ambient conditions. 
Thermal Property
The thermal property of TPPB (2H 2 O) was studied. The thermogravimetry analysis (TGA) curve in Figure 4 shows that there is a weight loss of 8.8% at 68 • C, which is attributed to the loss of two water molecules as the temperature increases. In the differential scanning calorimetry (DSC) curve, the water loss corresponds to an endothermic process at 68 • C. The melting point of TPPB (2H 2 O) is 300 • C and the decomposition point is 435 • C. TPPB has a relative high decomposition temperature compared to general organic compounds. 
The thermal property of TPPB (2H2O) was studied. The thermogravimetry analysis (TGA) curve in Figure 4 shows that there is a weight loss of 8.8% at 68 °C, which is attributed to the loss of two water molecules as the temperature increases. In the differential scanning calorimetry (DSC) curve, the water loss corresponds to an endothermic process at 68 °C. The melting point of TPPB (2H2O) is 300 °C and the decomposition point is 435 °C. TPPB has a relative high decomposition temperature compared to general organic compounds. 
Optical Transmission Spectrum
The optical transmission spectrum of the TPPB (2H2O) single-crystal with a thickness of 0.5 mm is shown in Figure 5 . The crystal exhibits excellent transmission from 300 nm to 1350 nm. The weak peaks at 1136 nm and 1437 nm are attributed to the vibrational absorption of water molecules in the crystal lattice [18] . Anhydrous TPPB crystals are expected to decrease or even eliminate the absorption of water in the near-IR region. 
The optical transmission spectrum of the TPPB (2H 2 O) single-crystal with a thickness of 0.5 mm is shown in Figure 5 . The crystal exhibits excellent transmission from 300 nm to 1350 nm. The weak peaks at 1136 nm and 1437 nm are attributed to the vibrational absorption of water molecules in the crystal lattice [18] . Anhydrous TPPB crystals are expected to decrease or even eliminate the absorption of water in the near-IR region. 
Raman Scattering Property
The Raman scattering spectrum of TPPB (2H2O) was measured by the excitation of a 473 nm laser using a confocal LabRAM HR800 Raman spectrometer ( Figure 6 ). There are three strong peaks with Raman shifts over 1000 cm −1 at 3059.9 cm −1 , 1594.7 cm −1 , and 1007.1 cm −1 , respectively. Since the C-H stretching vibrations in the single-substitutional benzene ring are dominant in vibration modes of TPPB, the peak located at 3059.9 cm −1 is strong [19] . The peak at 1594.7 cm −1 is attributed to the stretching vibration of the benzene ring. Also, the strong peak at 1007.1 cm −1 is the other Raman characteristic line of the single-substitutional benzene ring of TPPB. In this experiment, we also explored the Raman scattering spectra of a series of multiple-phenyl substituted compounds involving triphenylphosphine, triphenylphosphine oxide, triphenylphosphine sulfide, coordination compound of triphenylphosphine oxide, and sodium tetraphenylboron (see Supporting Information). We found that the main Raman shifts are similar in these compounds and in fact insusceptible to the number of the phenyl group, element in tetrahedron center, ligands, or the type of the crystal, e.g. molecular crystal or ionic crystal. Accordingly, and considering the high quality of the crystal and strong Raman scattering properties, TPPB (2H2O) crystal can be used as a potential material in Raman scattering-related nonlinear research and applications. 
The Raman scattering spectrum of TPPB (2H 2 O) was measured by the excitation of a 473 nm laser using a confocal LabRAM HR800 Raman spectrometer ( Figure 6 ). There are three strong peaks with Raman shifts over 1000 cm −1 at 3059.9 cm −1 , 1594.7 cm −1 , and 1007.1 cm −1 , respectively. Since the C-H stretching vibrations in the single-substitutional benzene ring are dominant in vibration modes of TPPB, the peak located at 3059.9 cm −1 is strong [19] . The peak at 1594.7 cm −1 is attributed to the stretching vibration of the benzene ring. Also, the strong peak at 1007.1 cm −1 is the other Raman characteristic line of the single-substitutional benzene ring of TPPB. In this experiment, we also explored the Raman scattering spectra of a series of multiple-phenyl substituted compounds involving triphenylphosphine, triphenylphosphine oxide, triphenylphosphine sulfide, coordination compound of triphenylphosphine oxide, and sodium tetraphenylboron (see Supporting Information). We found that the main Raman shifts are similar in these compounds and in fact insusceptible to the number of the phenyl group, element in tetrahedron center, ligands, or the type of the crystal, e.g., molecular crystal or ionic crystal. Accordingly, and considering the high quality of the crystal and strong Raman scattering properties, TPPB (2H 2 O) crystal can be used as a potential material in Raman scattering-related nonlinear research and applications. 
Materials and Methods
Reagents
Tetraphenylphosphonium bromide (99%) and organic solvents used (HPLC grade) were purchased from J&K Scientific Ltd.
Solubility and Crystallization Curves
The solubility and crystallization curves were measured using the CrystalSCAN Automated Crystallisation Screening System (HEL). The curves were determined by the relationship of the temperature and turbidity of the solution. In the experiment, 2.0262 g TPPB was added to 35 mL Milli-Q water in the reactor and heated. When the solution became clear and the crystals dissolved, the solution continued to be heated to 70 • C and was kept for 30 min. Then, the solution was cooled down at a speed of 0.5 • C/min until the solution became turbid. The turbidity probe was used to record the two temperatures at the points when the solution became clear and the crystals reappeared. Twenty-one cycles were measured in the experiments. The resulting data of solubility were fitted based on an exponential growth function y = 0.56234e (x/22.89889) . The goodness of fit was 0.98092. The crystallization data were fitted by the exponential growth function y = 0.86949e (x/26.762) . The corresponding goodness of fit was 0.99509.
Single-Crystal X-ray Diffraction
Single crystal XRD was carried out on a Bruker SMART APEX-II diffractometer using graphite-monochromated MoKα radiation (λ = 0.71073 Å). The crystal data were collected at room temperature (296 K). The molecular structures and packing arrangements were obtained by direct computation methods and then refined by the full-matrix least-squares technique on F 2 using the SHELX algorithm [20] . The summary of the crystal structure data are shown in Supporting Information.
Thermal and Optical Transmission Measurement
Differential scanning calorimetry and thermogravimetry analysis (DSC/TGA) were carried out using a Mettler-Toledo TGA/DSC1/1600HT Thermal Analyzer. The temperature ranged from room temperature to 500 • C with the heating rate of 5 • C/min. The sample was placed in an Al 2 O 3 crucible with Ar gas flowing at a rate of 60 mL/min to avoid oxidation at high temperatures. The transmission spectra were measured on a Hitachi U-3500 spectrophotometer.
Raman Scattering Spectrum
The Raman scattering spectrum of the TPPB single-crystal was measured on a confocal LabRAM HR800 Raman spectrometer (Horiba JY). The wavelength of the excitation laser was 473 nm with the laser power of 20 mW. A 50 × microscope was used during the collection of the data. The exposure time was 10 s.
Conclusions
In summary, the crystal growth of TPPB has been studied in different solvent systems. Our experiment showed that TPPB has excellent crystallization habits of growing into large-size and high quality crystals in water. The water-solvated TPPB crystal exhibited a high transmission ratio from visible to near-IR regions. The strong Raman scattering over 1000 cm −1 indicates that TPPB crystals can be employed in Raman scattering-related nonlinear applications such as Raman lasers.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/6/154/s1, Figure S1 : The bulk crystal of TPPS grown in our group, Table S1 : Crystallographic data and refinement details of TPPB obtained in this work and reported in literature. 
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